Determination of sizes and flexibilities of RNA molecules is important in understanding the nature of packing in folded structures and in elucidating interactions between RNA and DNA or proteins. Using the coordinates of the structures of RNA in the Protein Data Bank we find that the size of the folded RNA structures, measured using the radius of gyration, R G , follows the Flory scaling law, namely,
INTRODUCTION
Molecular recognition between RNAs or RNA and protein is involved in a number of cellular functions. In all these processes RNA interacts with other biomolecules. In order to understand the biophysical basis of interactions of RNA with other biological molecules it is necessary to characterize the shapes of the interacting partners. Hence, it is important to elucidate the shapes and flexibilities of RNA structures. The large increase in the number of three dimensional structures allows us to quantify RNA shapes which is needed to describe the assembly of complexes such as the ribosome.
In contrast to the situation in RNA much is known about packing and shape fluctuations in proteins.
1,2,3, 4 In part this is because the number of solved protein structures is ∼30,000
while the RNA structure database contains only ∼600 structures. Despite considerable success in the secondary structure predictions of nucleic acid sequences using energy minimization dynamic programming algorithm 5, 6 or comparative sequence analysis 7 the complicated nature of counterion-mediated tertiary interactions in RNAs makes it difficult to obtain three dimensional RNA structures using computational methods. The recent experimental determination of medium to large size of RNA structures has prompted us to perform a statistical analysis of RNA structures with the aim of characterizing their shapes and flexibility.
In this paper, we study the structural features of RNA using the currently available RNA three dimensional structures. 8 The size of RNA, as measured by the radius of gyration R G ,
shows that typically RNA molecules are compact. The variation of R G with the number (N) of nucleotides obeys Flory law i.e., R G = aN
1/3Å
. Although the overall scaling law for R G for RNA is identical to that for proteins there are considerable differences in their shapes. We find that the folded states of RNAs are largely prolate and are considerably more aspherical than where r E ≡ R E /L and t ≡ L/l p . L is the contour length. For RNA molecules, which from the perspective of polymers, can be viewed as a branched polyelectrolyte chains, the contour length is also an unknown parameter. The normalization constant C = 1/[π 3/2 e −α α −3/2 (1 + 3α −1 + 15/4α −2 )] with an α = 3t/4. When l p is small P W LC (r E ) reduces to a Gaussian chain whereas for large l p P W LC (r E ) approaches the rod-limit as r E → 1.
Although direct measurements of P (R E ) for biomolecules are not routinely performed it is conceivable that P (R E ) may be obtained using single molecule FRET experiments. However, the distance distribution function P (r) can be measured using SAXS experiments. 20, 21, 22 Based on general arguments, we expect that the distribution functions P (r) and P (R E ) should coincide provided r ≫ R G . Because R 2 E ∼ R 2 G ∼ Ll p for WLC provided L is large it follows scaling arguments that P (r) should decay for large r as
where x = l p r/R 2 G , and β is an arbitrary constant. In practice Eq.6 accurately describes P (r) computed using the coordinates of RNA structures when r/R g > 1. We determined l p by fitting the P (r) function for RNA structures to Eq.6.
Recently, we used Eq.6 to analyze small angle X-ray scattering data. We showed that l p for the Azoarcus ribozyme changes by a factor of 2 as the molecule folds upon addition of counterions (Mg 2+ or Na + ). Although the structural basis for the success of WLC in describing certain properties of folded RNA is unclear, Eq.6 is useful in analyzing scattering data.
For purposes of comparisons we have also calculated P (r) for folded structures for 56,000 protein chains. To our knowledge the persistence length of proteins has not been directly measured.
We obtain l p by fitting P (r), obtained from the coordinates of the structures in the PDB, to Eq.6.
RESULTS
Distribution of RNA structures as a function of N: From the distribution of P (N) the number of RNA structures in the PDB as a function of chain length (N) in Fig.1 we find that ∼ 70% of the database contains N in the range 10 < N < 30. The peak in P (N) between 70 < N < 80 is due to the large number of tRNA structures that have been determined in various conditions. The peaks at N ≈ 1500 and N ≈ 3000 correspond to 16S and 23S ribosomal RNAs, respectively. Compared to statistics of protein structures (see Fig.1 showed that R G ∼ aN ν where ν = 1/3 for maximally compact structures. Because RNA is a polyelectrolyte its R G depends on the concentration of counterions (C). At low values of C, RNA is expanded and the transition to a compact structure occurs only when C exceeds a critical value.
We calculated R G , using Eq.1 (see Methods), for the 1155 "folded" RNA structures. A plot of R G as a function of N confirms the Flory result. From the plot in Fig.2 (a) we find that, for the folded RNA structures, R G can be accurately calculated using
where a = 5.5Å. The prefactor, a = 5.5Å, for the folded structures approximately corresponds to the average distance (≈5.5Å) between the phosphate groups along the backbone ( Fig.2(b) ).
Recent measurement of R G for the compact state of the 195 nucleotides Azoarcus ribozyme at high concentration of Na + or Mg 2+ shows that R G ≈ 35Å. 9 From Eq.7 we find R G ≈ 32Å.
This analysis further suggests that the prefactor in Eq.7 may indeed be interpreted as the mean distance between consecutive phosphate groups in the folded structures. If the R G data in Fig.2(a) for N < 20 is neglected we find that Eq.7 is obeyed with a ≈ 5Å. Thus, the scaling relation is robust.
It is perhaps more reasonable to view RNA structures as formed from relatively rigid duplexes that are linked by flexible motifs such as bulges, loops, etc. In such a picture the fraction of base-paired nucleotides can be chosen as a variable to describe the overall size. We have shown previously (see Fig. 10 in 24 ) that the number of base pairs in RNA is ∝ N. Thus, the Flory result would be valid even if one accounts for the rigidity of RNA duplexes.
Single-chain RNAs are aspherical and prolate : Even though folded RNA structures are compact, as assessed by their size, there are substantial deviations from sphericity. Indeed, the distribution P (∆) for single chain RNAs (Fig.3-(a) ) has a broad peak around ∆ ≈ 0.3. This
shows that the native-state conformations of single chain RNA molecules deviate greatly from a sphere. This finding is in stark contrast to P (∆) in single-chain protein structures where the peak of the distribution is at ∆ < 0.1. 25 In addition, only ∼15% of single-chain RNA structures have ∆ < 0.2, while in proteins the corresponding number is ∼80%. This analysis shows that even if native structures of RNAs are compact (R G = 5.5N
1/3Å
) they are highly aspherical.
Because many RNAs are organized as oligomers, we also obtained the values of ∆ for such structures. The distribution of ∆ for oligomeric RNAs is also very broad ( shows that RNA is mostly prolate because most of the chains have S > 0. This tendency towards prolate shapes is stronger than in proteins where ∼50% of single-chains are spherical or nearly so. 25 On the other hand, the complexes of RNA chains found in the PDB structures exhibit a bias towards spherical structures as shown in the peak around S = 0 in Fig.3-(b) bottom panel. It should be emphasized that there is no systematic dependence of ∆ or S on N.
A plot of ∆ and S on N shows no correlation whatsoever. The observed variations is directly attributable to sequence and hence the topology of the folded structure.
Distribution function of radius of gyration can be described by WLC model: For the database of RNA molecules, we calculated the distance distribution, P (r), using the coordinates of the heavy atoms. The P (r) functions ( Fig.4(a) ) for a few RNA molecules, resemble those obtained using SAXS experiments for compact RNA molecules. The value of the persistence length is obtained by fitting P (r) to Eq.6 in the range R G < r < 2.5R G . As can be seen from If the WLC model correctly describes the distance distribution function an important prediction follows from Eq.6, namely, that by replacing r by the dimensionless variable
G all the P (r) curves must coincide for r/R G > 1. In other words, irrespective of the size, sequence or the nature of interactions that stabilize the native topology, the tail of P (r) (r > R G ) should superimpose. Thus, P (r) should be a function of only l p r/R 2 G . This important prediction is validated in Fig.4 (b) in which a plot of P (x) with x = rl p /R 2 G shows that all the structures follow the same functional form for x > 0.5 (see 26 for the same analysis performed on the end-to-end distance distribution of DNA). From this result we conclude that the distance distribution function of RNA structures are well described by the WLC model. We do not have any structural basis for this observation.
Persistence length increases with N: It is remarkable that P (r) for folded RNA is well described by the WLC model which accounts only for the bending penalty of a thin elastic material. The structural basis for this important finding is not clear. By fitting P (r) to Eq.6 for r/R G > 1 we find that l p for folded structures increases with N. The finding that l p grows as l p = 1.5N α with α ≈ 1/3 can be rationalized using the arguments given below. A consequence of the sublinear growth of l p with N is that the effective contour length for folded RNA must also grow sublinearly with N, i.e., L ef f = 3 × 5.5 2 1.5
. In the unfolded state we expect the contour length L ∝ N. Interestingly, recent single molecular measurements have also shown that l p for microtubules depends on the contour length.
27
The increase in l p with N is related to the restriction that the folded states of biomolecules be conformationally less dynamic than unfolded states. It is known from polymer physics that if l p is fixed and there are no interactions that stabilize a specific structure then on large scales (≫ l p ) the structure would be intrinsically flexible. This would mean that spontaneous global fluctuations of folded RNA would be highly likely due to increase in conformational entropy.
The requirement that biomolecules should adopt a near unique native fold which minimizes entropy in the native basin of attraction (NBA), implies that l p itself should grow with N. In contrast, for unfolded RNA, whose conformational entropy is greater than the structures in the NBA, we expect that l p should be independent of N (see Appendix).
The persistence length l p , which determines the flexibility of RNA, depends on the concentration, shape, and size of counterions. The balance of the effective energetics of interactions (stacking interactions, hydrogen bonding, hydrophobic interaction, and repulsion between phosphate groups and tertiary interactions) renormalizes l p . Let us assume that the interactions are approximated as pairwise additive and short-ranged ∆G ≈ | r i − r j |<R G ∆G ij . In the presence of these interactions the persistence length should scale as the range of the interactions i.e.,
. The non-local interactions, which stabilize the folded RNA structures, grow with N and hence affect l p . In the absence of interactions that stabilize the three dimensional fold l p is determined only by the intrinsic property of primary sequence and hence should not depend on N (see Appendix).
We further rationalize the dependence of l p on N by noting that about 54% of all nucleotides in folded RNA structures are involved in base pairing (see Fig. 10 Because such clear separation in structural organization does not exist in proteins we expect that l p in proteins must weaker dependence on N (Fig. 5) . A similar reasoning has been give to explain the growth of l p with N for microtubules.

DISCUSSION
Differences in shapes and packing between proteins and RNA: It is difficult to compare, in absolute terms, packing in proteins and RNA because the nature of interactions that stabilize their native structures are distinct. 28 Nevertheless, the Flory scaling (R G ∼ aN 1/3 ) observed in RNA and proteins shows that both are maximally compact. For a given N, the approximate volume of RNA is larger than proteins. The ratio,
for a fixed N. This suggests that, in all likelihood, RNA is more loosely packed than proteins − a conclusion that is in apparent contradiction with a recent structural analysis. 13 Voss and
Gerstein based their conclusion on Voronoi construction to decipher volumes of RNA and specific volume calculations. They concluded that "based on well packed atoms" RNA is more tightly packed than proteins. However, in a vast majority of cases, function requires interactions between two or more components. A prime example is the ribosome, a ribonucleoprotein complex, that plays a central role in protein synthesis. 30, 31, 32, 33 Complexes of both small and large subunits with various antibiotics have revealed the mechanism of the ribosomal machinery for tRNA recognition and protein synthesis. 34, 35, 36, 37 The remarkable three dimensional map of entire ribosome (70S) including three tRNAs and mRNA that shows a snapshot of the translation process, has also been resolved by cryo-EM techniques at 5.5Å resolution. 33 The binding interface between 30S
and 50S subunits, tRNA recognition site in 30S subunit, and peptidyl transferase site on 50S
subunit are all devoid of the ribosomal proteins. The cavity is formed at the interface between two subunits where three tRNA and a string of mRNA can be accommodated. The structures of ∼ 50 ribosomal proteins have also been investigated, giving further insights into the interaction and the assembly process of the ribosome.
38,39
Comparison of the shapes of the structures in isolation and in the complex allows us to infer if there are large scale shape changes upon complexation. To this end, we analyzed the individual components of the ribosome as well as each structural domain by using the parameters that quantify molecular sizes, shapes, and flexibilities of the individual components. We used the atomic coordinates from 1GIX (30S subunit composed of 16S rRNA, 3 tRNA, 1 mRNA, and 20 r-proteins) and 1GIY (50S subunit composed of 23S rRNA, 5S rRNA and 22 r-proteins) that form an entire ribosome complex upon combination. 33 The parameters characterizing the structural components of ribosome are summarized in Table. I.
r-RNAs : Each ribosomal RNA (16S, 23S rRNA) can be further decomposed into several structural domains whose folding is autonomous even in the absence of ribosomal proteins. 40, 41, 42, 43 The structural features of individual domains of rRNAs in Fig.6 (a), 6(b) are quantified in terms of R G , ∆, and S, with corresponding regions differently colored in the secondary structure map. Comparison of ∆ and S values of rRNA domains (Table. I) with P (∆) and P (S) in Fig.3 shows that, except for the 3'm domain of 16S rRNA, the overall shapes of rRNA domains are nearly-spherical and slightly prolate (0 < S < 0.25). Thus, no significant difference between the overall shape is found in rRNAs domain in comparison to typical RNA molecules. However, the deviations of R G from the scaling law (Eq.7), especially for the domains of 23S rRNA, II, IV, V, VI, show that they are more extended in size than normal RNA ( Fig.7(a) ). We find that the size of the domains in the 16S rRNA, 5', C, 3'M obeys the scaling law (Eq.7).
Because the shape of the fold from each domain is identical to the one assembled in the intact ribosome, the assembly from extended domains must occur by a jigsaw puzzle type matching.
The head part of the 16S rRNA, which is crucial for A, P, E, tRNA binding sites is entirely Despite their large sizes, the 50S and the 70S particles are considerably more spherical than the majority of RNA molecules. The globular nature of the 50S particle and the 70S complex is surprising given that the typical RNA complexes are aspherical. This asphericity, especially for medium-sized RNA, is the result of coaxial stacking of helices found in the secondary structures.
The stacking leads to formation of long helices which are expected to be rigid with large values of l p . The 30S subunit, which is highly aspherical and prolate, fits well with this expectation.
bulges and loops. 44 This observation applies to the 50S subunit ( Fig.6(b) ). However, large-sized coaxial stackings are dominant in the 16S rRNA, but not in the 23S rRNA. As a result, the 30S subunit is highly aspherical. The 70S complex is highly spherical. The globularity of the 70S arises because the 30S subunit fits precisely (despite its high ∆ and S values (see Table. I)) at the interface with the 50S to create a nearly perfect sphere.
r-proteins : Similar quantitative analysis can be performed on the ribosomal proteins. The values of R G in some r-proteins deviate from the scaling law and the shape is generally more biased to the prolate shape than in the non-ribosomal proteins (Fig.7) . Ribosomal proteins are mostly distributed on the back of the interface and the periphery of rRNAs with some of proteins being anchored deep into the crevices of rRNA. The anchoring is accomplished using the long tail of peptide chain composed of positively charged amino acids (ARG, LYS, HIS).
The unusual topology of r-proteins prompted us to investigate whether or not the r-proteins maintain their shape in isolation. We compared the structure of 16 r-proteins complexed in the ribosome ribosome with the isolated r-protein structures independently determined by X-ray or NMR available in PDB. The structural deviation between the isolated and ribosome-complexed r-proteins is quantified using root mean square deviation (RMSD). The structured domains, like α-helix and β-sheet, are well matched in the isolated protein and in the complex, but the structural deviation is large in the loop and the tail regions of the structure. The structure comparison suggests that the ordered part of the r-protein is at least well conserved in both situations. The disordered tail part is stabilized upon complex formation inside the crevices of rRNA.
CONCLUSIONS
In this paper we have shown, by analyzing the available RNA structures, that R G can be accurately computed using the celebrated Flory law. In contrast to proteins, RNA molecules are considerably more aspherical with the overall shape being prolate. The prolate nature of RNA shapes suggests that their diffusion is intrinsically anisotropic. For a given value of N (the number of nucleotides or amino acids) the persistence length of RNA is considerably larger than proteins. These findings suggest that typically RNA is not nearly as densely packed as proteins even though both are compact in the folded states.
The structural basis for the success of WLC model in quantitatively fitting the distance distribution curves for proteins and RNA is not clear. It has been appreciated for a long time that elasticity-based models are appropriate for ds-DNA in monovalent counterions. The present findings that P (r) (for r/R G > 1) for compact RNA and proteins can be described using polymer models that accounts only for bending energies is surprising. Our work shows that l p , which is needed to describe interaction between biomolecules, can be accurately obtained using the experimentally measurable P (r). The fit of P (r) to WLC also shows that l p increases with N. Such an unusual behavior is, perhaps, related to the need to minimize entropic fluctuations in the native state. Suppression of conformational fluctuations in long RNA can achieved by having a small number of long rigid helices that are stabilized by weak tertiary interactions.
Despite the success of the polymer-based analysis of RNA structures of varying complexity the microscopic basis for characterizing for folded biomolecules using WLC model remains to be established.
APPENDIX
The observation that the persistence length of RNA in the compact folded states increases as
3 with a 1 ≈ 1.5Å was rationalized in terms of the restricted conformational fluctuations in the native state. A corollary of this interpretation is that l p should become independent of N (or the sequence) if RNA is in the unfolded state. In this appendix, we adopt an oversimplified model for the unfolded state of RNA to explicitly show that at large (N > 40) l p indeed does not depend on N.
The absence of persistent tertiary structure allows us to describe the polynucleotide chain as a worm-like chain model. Such a coarse-grained description may be an approximate representation of a single stranded chain made up of one nucleotide (for example polyA). To verify how l p changes as N increases we have performed simulations using WLC which takes into account only the excluded volume interactions between the beads representing the nucleotides. The energy function is
where r i,j ,r i,j are distance and unit vector between i and j beads, respectively. The first term restricts the extension (or reduction) of bond length around a with k b = 2000ǫ/a 2 where ǫ is the unit of energy. The second term is the bond angle potential that prohibits significant deviation from the equilibrium value. We assign k a = 10ǫ. The last term with k e = 2000ǫ/a 2 takes into account volume exclusion interaction. By construction, the homopolymer WLC cannot form any preferred low energy compact structures.
For this model, whose energy function is given by Eq.8, we obtained the end-to-end distance (R E ) distribution function using Monte Carlo simulations. Using the energy function in Eq.8, we generated a large number of equilibrium conformations of the WLC model by employing the pivot algorithm. 45 Unlike a standard Monte Carlo methods that generates polymer conformations by moving each monomer the pivot algorithm produces a global change in the configuration by pivoting the chain around the randomly selected monomer position at each iteration. The algorithm enhances the sampling rate of the available conformational space. The acceptance is judged by Metropolis criterion.
From the ensemble of conformations generated using the pivot algorithm we obtained the end-to-end distribution function P (R E ). The simulated distribution function P (R E ) can be fit using Eq.5 from which we obtain l p . The dependence of l p on N for the WLC, without the possibility of forming ordered structures, shows ( and l p = 1.00N 0.33Å (proteins). There is greater dispersion in the data for proteins than for RNA. Indeed, the correlation coefficient in the fit for RNA is 0.98 whereas for proteins it is only 0.79. Nevertheless, the l p values for proteins are in the range inferred from experiments for both peptides and proteinsI.
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Figure 6: (a) Structural domains of the 16S rRNA. The corresponding secondary structure at the center is in the same color. View from interface (left) and back (right) of 16S rRNA assembled by these structural domains (b) Structural domains of the 23S rRNA. The organization of the figure is identical to that of 16S rRNA in (a). The coaxial stackings, are specified as dark lines on the secondary structures. Molecular graphics images were produced using XRNA and UCSF Chimera package. The value of l p is obtained by fitting the end-to-end distribution functions P (R E ) that were generated by Monte Carlo simulations (see Appendix). An example of P (R E ) as a function of R E /L for N = 30 is shown in the inset. The dependence of l p in N shows that, for large N, l p is a constant for a homopolymer chain at low ionic concentration. 
